Tuberculosis is the most prevalent coinfection of HIV-1-infected subjects worldwide [1] and is associated with increased HIV-1-related morbidity and mortality [2] [3] [4] . At time of tuberculosis diagnosis, HIV-1 viral loads in HIV/tuberculosis dually infected subjects are higher compared to CD4-matched HIV-1-positive control subjects, regardless of CD4 T-cell counts [5] . However, in a majority of dually infected patients, high HIV-1 viral loads at diagnosis are not lowered upon treatment of tuberculosis alone [6, 7] . Systemic immune activation is a significant feature of infection with Mycobacterium tuberculosis in humans [8, 9] and is currently deemed to be a strong predictor of progression of HIV-1 disease [10] . Among the "drivers" of immune activation in HIV-1 disease, microbial translocation from the gut is believed to be prominent, even following successful antiretroviral therapy [11] . Whether systemic immune activation and microbial translocation are accentuated in HIV/tuberculosis dually infected subjects and their role in persistence of HIV-1 viral activity has not been investigated.
Recently, several markers of systemic immune activation have been studied intensively to identify their significance in the course of HIV-1 immunodeficiency. Circulating soluble CD14 (sCD14), which is secreted or shed from monocyte/macrophages upon immune activation [12] , has been found to correlate with progression of HIV-1 disease [13] . In HIV/tuberculosis patients with pulmonary tuberculosis plasma, sCD14 levels were extremely high in the majority of patients; however, reductions in plasma sCD14 levels upon completion of tuberculosis treatment did not correlate with HIV-1 viral load [6] . Of note, expression of CD14 is not limited to monocyte/macrophages, as it is found on neutrophils, and at very low levels on epithelial and endothelial cells and even fibroblasts [14] . More specific to monocyte/macrophage activation is the hemoglobin scavenger receptor molecule sCD163, which is shed upon Toll-like receptor (TLR) ligation [15] . Plasma levels of sCD163 are increased in HIV-1-infected subjects during both early and chronic phases of HIV infection [16] .
A direct correlation between systemic immune activation and bacterial components originating from damaged gastrointestinal (GI) tract lamina propria has been established in both human and animal models of HIV-1 disease [17] . In HIV-1-infected subjects plasma levels of bacterial DNA and lipopolysaccharide (LPS) have been found to correlate with both sCD14 levels and the degree of immunological reconstitution subsequent to highly active antiretroviral therapy (HAART) [18, 19] . Studies from Africa have reported contrasting results; a study from Uganda found no association between HIV-1 disease progression and microbial translocation [20, 21] , whereas a study from South Africa showed higher levels of microbial translocation in HIV-infected subjects with opportunistic infection (OI) compared to those without OI [22] . The effect of microbial translocation and its association with systemic immune activation during HIV/tuberculosis is largely unknown.
Here we assessed circulating sCD14 and LPS and their relationship to HIV-1 activity in dually infected subjects over the full spectrum of HIV-1 immunodeficiency. Two cohorts of HIV/tuberculosis subjects as defined by CD4 T-cell count at time of diagnosis of tuberculosis, those with lower (<350/μL) and those with higher (≥350/μL) CD4 T-cell count were studied. We found a very different profile of systemic immune activation and microbial translocation in these cohorts. Whereas plasma sCD14 remained unchanged in HIV/tuberculosis subjects with lower CD4 T-cell counts (<350/μL) despite treatment of tuberculosis, in HIV/tuberculosis patients with higher CD4 T-cell count (≥350/μL), it resolved regardless of inclusion of HAART with anti-tuberculosis therapy. Circulating LPS levels remained higher than those of respective CD4-matched HIV-1-infected control groups regardless of HAART.
METHODS

Study Subjects
Between October 2004 and September 2008 HIV-1-infected and -uninfected subjects with pulmonary tuberculosis were recruited from the Tuberculosis Clinic at Mulago Hospital in Kampala, Uganda. Diagnosis of tuberculosis was based on sputum culture positivity for M. tuberculosis. Two cohorts of HIV/tuberculosis patients with pulmonary tuberculosis were studied (Table 1) .
Cohort I includes HIV/tuberculosis subjects with pulmonary tuberculosis and CD4 T-cell count <350 cells/μL. These subjects were treated with short course (6 months) anti-tuberculosis treatment alone as detailed elsewhere [23] and were followed through the end of tuberculosis treatment only.
Cohort II consisted of a subset of HIV/tuberculosis patients with pulmonary tuberculosis with CD4 T-cell count of ≥350 cells/μL enrolled in a larger open-label randomized clinical trial entitled "Randomized clinical trial of a 6-month punctuated course of antiretroviral therapy (PART) in Uganda" [7] . In this study, eligible HIV/tuberculosis patients were started on antituberculosis treatment and randomized 2 weeks (W2) later to receive HAART (Trizivir, GlaxcoSmithKline) (group B) or not (group A). At 6 months (M6), anti-tuberculosis chemotherapy and HAART (in group B) were terminated, and both groups were followed for an additional 6 months (M12). HIV-1-positive healthy subjects matched by CD4 T-cell count (±50) to HIV/tuberculosis patients with pulmonary tuberculosis in either Cohort I or II were recruited during the same time period (their demographics are provided in Table 2 ).
HIV-negative subjects with or without pulmonary tuberculosis age-matched (±5 years) to HIV/tuberculosis or HIVpositive subjects were also recruited.
Written informed consent approved by the institutional review boards from Makerere University (Kampala, Uganda) and Case Western Reserve University/University Hospitals (Cleveland, US) was obtained from all subjects.
Immunoassays for Cytokines and Immune Activation Markers
Enzyme-linked immunosorbent assays (ELISA) for sCD14, sCD163, and high-sensitivity interleukin 6 (IL-6) were from R&D Systems (Minneapolis, MN). Detection limits for these assays were 125 pg/mL, 58 pg/mL, and 0.1 pg/mL, respectively.
LPS and LBP Assays
LPS measurement was by Pyrogene (Recombinant Factor C Endotoxin Detection Assay) from Lonza/Cambrex (Wakersville, MD). Detection limits are 0.01 to 10 of Endotoxin Unit (EU)/ mL. One EU is equivalent to 100 pg of LPS. In side-by-side comparison, this assay was found to highly correlate with the chromogenic limulus amebocyte lysate (LAL) from the same company [24] . However, this assay is considerably easier to perform than the more commonly used (LAL QCL-1000).
Measurement of LPS binding protein (LBP) was by ELISA from Cell Sciences (Canton, MA). The sensitivity range of this assay is 5-50 ng/mL. In healthy donors, serum LBP is 5-15 μg/mL.
Statistical Analysis
Data sets were analyzed by student t-test, paired t-test, Wilcoxon 2 sample test, Kruskall Wallis test, and Spearman rank order correlation, as appropriate. A P value of ≤ .05 was considered significant.
RESULTS
Elevated sCD14 Characterizes Tuberculosis Regardless of CD4 Immunodeficiency in HIV/Tuberculosis Patients
First, we assessed sCD14 in plasma samples obtained at diagnosis of tuberculosis from HIV/tuberculosis patients in Cohort I (CD4 T-cell count <350/μL), Cohort II (CD4 T-cell count ≥350/μL; Table 1 ), and HIV-1 singly infected subjects CD4-matched to each Cohort of HIV/tuberculosis patients ( Table 2) .
Results are shown in Figure 1A . Plasma sCD14 levels in HIV/ tuberculosis subjects from either cohort were significantly higher (P < .001) than those from their respective CD4-matched HIVpositive control groups. Interestingly plasma sCD14 levels in HIV/tuberculosis subjects with CD4 T-cell count ≥350/μL were significantly higher (P < .001) than those in the cohort with CD4 T-cell count <350/μL ( Figure 1A ). Plasma sCD14 levels in HIVuninfected subjects with tuberculosis were higher than healthy subjects ( Figure 1B ; P < .001). Levels of sCD14 were higher in healthy HIV-1-infected subjects ( Figure 1A ) when compared to HIV-1-negative healthy subjects ( Figure 1B ; P < .001). Levels of sCD14 were significantly higher among patients with HIV/tuberculosis ( Figure 1A ) when compared to patients with tuberculosis alone ( Figure 1B ; P < .001). Interestingly, sCD14 levels in HIV-1 singly infected subjects were only minimally and insignificantly lower than in HIV-1-uninfected tuberculosis subjects, implicating a comparable effect of single infection (HIV or tuberculosis) on immune activation.
In neither Cohort I nor Cohort II HIV/tuberculosis subjects was a correlation between plasma sCD14 and either CD4 T-cell count or plasma viral load found.
However, in both HIV-positive control groups, a significant correlation between sCD14 and viral load was seen. In HIV-1-infected subjects with CD4 T-cell <350/μL, plasma sCD14 correlated with their viral load (r = 0.55, P < .005). And in HIV-1-infected healthy subjects with CD4 T-cell >350/μL plasma sCD14 was found (r = 0.34, P < .05).
Circulating LPS in HIV/tuberculosis Patients With Low CD4 T-cell Counts
During HIV infection, immune activation is presumably, at least in part, based on microbial translocation from the GI tract. First we investigated microbial translocation as measured by circulating LPS in HIV/tuberculosis patients from Cohort I (CD4 <350/μL).
Plasma LPS levels measured at time of diagnosis of HIV/tuberculosis and levels in CD4 matched HIV-positive controls are shown in Figure 2A . Surprisingly, circulating LPS levels were significantly lower in HIV/tuberculosis patients as compared to levels in HIV-1-infected control subjects (P < .01).
We rationalized that LPS levels may be low due to high circulating LPS binding protein(s). The predominant LPS binding molecule in plasma is LBP, levels of which are increased during active tuberculosis (regardless of HIV infection) and resolve upon treatment of tuberculosis [25] . Here, we found that LBP levels in plasma samples from dually infected HIV/tuberculosis patients were significantly higher than levels in healthy HIVinfected subjects (P < .001; Figure 2B ). However, a negative correlation between low plasma LPS and high LBP was not found. These data implicate effect(s) from additional LPS binding proteins (unrelated to LBP) in the circulation.
Course of Plasma LPS and sCD14 in HIV/tuberculosis Patients With Low CD4 T-cell Counts
To assess changes in plasma LPS and sCD14 in HIV/tuberculosis patients upon treatment of tuberculosis, we assessed these indices in paired samples at time of diagnosis of tuberculosis (T0) and at 6 months (M6) in a subgroup (n = 12) of HIV/tuberculosis patients from Cohort I (CD4 T-cell count <350/μL).
As compared to baseline, levels of LPS were increased at the end of tuberculosis therapy in 10 of 12 subjects ( Figure 3A ) (P < .02). In these subjects, high baseline (t0) LBP levels were found to be reduced by half at M6 (P < .01; data not shown).
Plasma sCD14 levels did not change significantly between t0 and M6 ( Figure 3B ): Plasma sCD14 levels were lower at M6 compared to t0 (1.6-2.9-fold) in only 6 subjects and either remained unchanged or increased in the rest.
Similar to sCD14 levels, no change in plasma sCD163 levels were found in samples from t0 and M6 (data not shown).
Therefore, in dually infected HIV/tuberculosis subjects with low CD4 T-cell counts (<350/μL), treatment of tuberculosis alone does not resolve immune activation as measured by sCD14 or sCD163.
There was no correlation of LPS levels and sCD14 at the end of tuberculosis therapy in HIV/tuberculosis patients.
Course of Immune Activation in HIV/tuberculosis Patients With High CD4 T-cell Count
Next, we assessed the course of changes in plasma sCD14 in HIV/tuberculosis patients from Cohort II, that is, patients with more preserved CD4 T-cell counts (≥350/μL). As noted, Cohort II, is a placebo controlled study of HIV/tuberculosis patients with CD4 T-cell counts ≥350 cells/μL randomized to receive punctuated HAART, 2 weeks after initiation of antituberculosis chemotherapy (group B) or not (group A) [7] . Plasma samples from HIV/tuberculosis patients in each group were assessed at time of HAART randomization (W2), at 6 months, and at 12 months. A group of HIV-infected subjects who had CD4 T-cell counts ≥350/μL was compared to either group. Plasma samples from the control group were analyzed only once. Figure 4A and 4B show plasma sCD14 levels in HIV/tuberculosis patients in group A and group B, respectively; sCD14 levels were significantly higher in either group at W2 than levels in the HIV+ control group (P < .001). There was a dramatic lowering of sCD14 levels in HIV/tuberculosis subjects for either group with treatment of tuberculosis (±HAART); at M6 sCD14 levels were significantly lower than those at W2 (P < .001) in either group. However, at the end of tuberculosis therapy (M6), levels of sCD14 in HIV/tuberculosis subjects who did not receive HAART, that is, group A ( Figure 4A ), were still higher than levels in the HIV-positive control group (P < .01). This difference resolved at M12. On the other hand, in the HAART-treated group (group B) ( Figure 4B ), sCD14 levels were no different than levels in the HIV-positive control group at M6. Notably, by M12, sCD14 levels in HAARTtreated HIV/tuberculosis patients (group B) were lower than those who did not receive HAART (group A) (P < .01).
Only at M6 did HIV viral load from HIV-1/tuberculosis in either group correlate with plasma sCD14 levels (r = 0.51, P < .02).
We also measured plasma IL-6 and sCD163 in both groups of HIV/tuberculosis patients in Cohort II. Plasma IL-6 levels in HIV/tuberculosis patients dropped significantly by end of tuberculosis treatment alone. In group A, IL-6 levels at t0 were (10.06 pg/mL ± 1.5) and at M6 (3.8 pg/mL ± 1.1) (P < .001). In group B changes in IL-6 were similar.
On the other hand, the drop in sCD163 upon tuberculosis treatment alone (group A) was only significant by M12; sCD163 at t0 (1148 pg/mL ± 88.30) and at M12 (969 pg/ mL ± 72.3) (P < .02). However, in group B who received HAART in addition to anti-tuberculosis therapy, sCD163 levels were significantly lower at M6 (852.5 pg/mL ± 68) as compared to t0 (1260 pg/mL ± 99.1) (P < .02). At M6, sCD163 levels were significantly lower in group B compared to levels in group A (P < .01).
Microbial Translocation in HIV/tuberculosis Patients With High CD4 T-cell Count
Next, circulating LPS in plasma samples from HIV/tuberculosis patients with CD4 T-cell counts ≥350/μL were assessed. In group A who received tuberculosis treatment alone, LPS levels at W2 were higher than levels in the control group (P < .001) and remained elevated at all timepoints (M6, M12) ( Figure 5A ). There was no difference in LPS levels in group A HIV/tuberculosis patients at any time point tested.
Plasma LPS levels in HIV/tuberculosis patients who were HAART treated (group B) ( Figure 5B), however, were distinct from levels in group A. Again, LPS levels were significantly higher at all timepoints (W2, M6, M12) in HIV/tuberculosis patients compared to levels in HIV+ control subjects. There was an increase in LPS levels in this group at M12 (6 months after termination of anti-tuberculosis + HAART) compared to levels in these patients at the end of tuberculosis treatment (M6). At 12 months (M12), LPS levels in group B were significantly higher than levels in HIV + control subjects (P < .01), and higher than levels in HIV/tuberculosis patients who received tuberculosis treatment alone (group A) ( Figure 5A ) (P < .02).
In Cohort II, LBP levels in plasma of HIV/tuberculosis patients were similar to HIV-1 control subjects (data not shown).
DISCUSSION
Immune activation is a concomitant of chronic infections including both HIV-1 and tuberculosis. Immune activation is particularly accentuated in HIV/tuberculosis dually infected patients, as is shown in this study. Levels of sCD14 in the plasma of HIV/tuberculosis subjects were significantly higher than levels in subjects with single HIV-1 infection (regardless of their CD4 T-cell count) or M. tuberculosis infection (Figure 1 ). Significantly higher sCD14 levels were found in HIV/tuberculosis subjects from Cohort II with more preserved CD4 T-cell counts compared to patients with low CD4 T-cell counts (<350/μL) (Cohort I). However, in Cohort I HIV/tuberculosis patients, sCD14 elevation was prolonged and remained un-resolved by end of tuberculosis treatment. These data confirm our previous findings where reduction of sCD14 upon tuberculosis treatment was only observed in 60% of HIV/tuberculosis subjects with low CD4 T-cell counts [6] . As we found here, another recent study from Uganda of HIV-1-infected subjects with low CD4 T-cell counts did not find an association of HIV-1 disease progression and plasma sCD14 levels [20] .
Changes in circulating LPS levels, which reflect microbial translocation from the intestinal lumen during HIV-1 disease, were different in HIV/tuberculosis patients in Cohort I when compared to levels in healthy CD4 matched HIV-infected subjects. LPS levels were significantly lower in HIV/tuberculosis patients at time of tuberculosis diagnosis (t0) than in control subjects, and increased upon treatment of tuberculosis at 6 months ( Figure 3A) . On the other hand, LBP levels were significantly higher than healthy HIV + subjects at t0 ( Figure 3B) . Thus, at the time of tuberculosis diagnosis, circulating LPS may be masked by very high LBP and thus not measurable. Alternatively other circulating LPS binding proteins may account for low LPS levels. Whereas at low concentrations of LBP, its complex with LPS may affect immune cell activation, at high concentrations of LBP, LPS induced activation of immune cells appears to be inhibited [26] . Therefore, the contribution of circulating LPS-LBP complex on immune activation here is unclear. Plasma LBP decreased significantly by the end of tuberculosis treatment (M6), a possible explanation for the recovery of LPS levels. However, a correlation between LPS and sCD14 levels at M6 was not found. Collectively, in HIV/tuberculosis patients with low CD4 T-cell count (<350/μL), a role for microbial translocation in persistence of immune activation remains unclear.
In HIV/tuberculosis patients with preserved CD4 T-cell counts (≥350/μL) (Cohort II), sCD14 levels were significantly higher at diagnosis of tuberculosis than were levels in CD4 matched control subjects, and even higher than sCD14 levels in samples from Cohort I patients (Figure 1 ). In the group of Cohort II patients who received tuberculosis treatment alone (group A), sCD14 levels decreased significantly by M6, however, still remained significantly higher than that in the control group ( Figure 4A ). Another study of the same Cohort of HIV/tuberculosis patients (received no HAART) recruited in the randomized clinical trial of HAART in Uganda (PART) [7] , also found resolution of immune activation assessed by levels of CD8 + CD38 + T cells upon treatment of tuberculosis alone [27] . Of note the overlap of patients in this latter study with group A studied here was minimal (one patient). In patients who received HAART in addition to anti-tuberculosis treatment (group B), sCD14 levels were reduced to levels measured in HIV+ control subjects more rapidly, at M6. ( Figure 4B ). In group B, sCD163 levels also decreased faster as compared to group A. Collectively, these data implicate an additional effect of HAART on resolution of immune activation in HIV/tuberculosis dual infection. Here, heightened circulating sCD14 levels in Cohort II HIV/tuberculosis patients at diagnosis of tuberculosis, did not correlate with viral load. Only at time of termination of anti-tuberculosis treatment with or without HAART (M6) did plasma sCD14 correlate with viral load. Therefore, an impact of immune activation on HIV-1 activity is only seen upon resolution of active tuberculosis infection. Resolution of immune activation in HIV/HCV dually infected subjects was also found upon treatment of Hepatitis C [28] . Therefore, a predominant role of active coinfection with M. tuberculosis on viral activity (likely at sites of tuberculosis), rather than tuberculosis-associated systemic immune activation, appears to be operational at diagnosis of tuberculosis. In support of this contention, we have found extremely high sCD14 levels at pleural sites of tuberculosis, that is, in pleural fluid of tuberculosis patients regardless of HIV co-infection (Toossi, unpublished) . Here, patients who received HAART for 6 months (group B), had significantly lower sCD14 levels at 12 months than patients who received tuberculosis treatment alone. These data implicate that concomitant use of HAART with anti-tuberculosis treatment leads to resolution of immune activation to a greater degree (than treatment of tuberculosis alone) in HIV/tuberculosis patients. In Cohort II, in both HAART treated (group B) and untreated (group A) HIV/tuberculosis patients, circulating LPS levels increased by end of therapy (M6) and at follow-up (M12). LPS levels were significantly higher at all timepoints (W2, M6, and M12) than levels in healthy HIV-infected subjects. This implicates that microbial translocation is unaffected by antituberculosis chemotherapy with or without HAART. Among HAART treated patients (group B), LPS levels increased significantly by 12 months (ie, 6 months after discontinuation of HAART) compared to LPS levels in patients from group A, who received anti-tuberculosis treatment alone. The increase in LPS in group B at M12 may be attributable to microbial translocation unleashed subsequent to discontinuation of HAART. This finding supports the already well-known contention that structured interruption of HAART (as in group B here) is ineffective and may even be damaging in HIV-1 disease at any CD4 T-cell count [29] . Continuous HAART has been found to be critically important in containment of HIV viral activity and improvement of mortality in HIV/tuberculosis patients [30] .
Of note, 6 months after resolution of tuberculosis in HIV/ tuberculosis patients in Cohort II, high plasma LPS levels were not associated with high sCD14. It is possible that microbial translocation is coupled to compartmentalized immune activation in gut associated lymphoid tissue (GALT) only not reflected systemically. Early institution of HAART was not effective in reversing GALT associated immunological changes as assessed by rectal biopsies in HIV-infected subjects [31] . As genomic HIV RNA induces innate immune responses [32] , it is possible that HIV activity in GALT sustains local immune activation and microbial translocation.
In summary, tuberculosis associated immune activation in HIV/tuberculosis is dependent on levels of CD4 T-cell immunodeficiency. Immune activation remains unresolved in subjects with lower CD4 T-cell counts after tuberculosis treatment. In HIV/tuberculosis subjects with preserved CD4 T-cell count, active tuberculosis, and not microbial translocation may be a major driver of sCD14 levels, since high plasma sCD14 levels resolve with anti-tuberculosis chemotherapy. However, in this group of HIV/tuberculosis patients microbial translocation is unaffected by treatment of tuberculosis with or without HAART, despite resolution of tuberculosis associated immune activation. In these HIV/tuberculosis subjects, a recent (6-month) history of resolved infection is characterized by a higher degree of GALT associated microbial translocation. Continuous HAART is necessary in HIV/tuberculosis coinfection to control microbial translocation from this compartment effectively.
Notes
